The emerging albumin nanoparticle brings new hope for the delivery of antitumor drugs. However, a lack of robust tumor targeting greatly limits its application. In this paper, cyclic arginine-glycineaspartic-conjugated, gemcitabine-loaded human serum albumin nanoparticles (cRGD-Gem-HSANPs) were successfully prepared, characterized, and tested in vitro in the BxPC-3 cell line. Initially, 4-N-myristoyl-gemcitabine (Gem-C14) was formed by conjugating myristoyl to the 4-amino group of gemcitabine. Then, cRGD-HSA was synthesized using sulfosuccinimidyl-(4-N-maleimidomethyl) cyclohexane-1-carboxylate (Sulfo-SMCC) cross-linkers. Finally, cRGD-Gem-HSA-NPs were formulated based on the nanoparticle albumin-bound (nab) technology. The resulting NPs were characterized for particle size, zeta potential, morphology, encapsulation efficiency, and drug loading efficiency. In vitro cellular uptake and inhibition studies were conducted to compare Gem-HSA-NPs and cRGDGem-HSA-NPs in a human pancreatic cancer cell line (BxPC-3). The cRGD-Gem-HSA-NPs exhibited an average particle size of 160 ± 23 nm. The encapsulation rate and drug loading rate were approximately 83 ± 5.6% and 11 ± 4.2%, respectively. In vitro, the cRGD-anchored NPs exhibited a significantly greater affinity for the BxPC-3 cells compared to non-targeted NPs and free drug. The cRGD-Gem-HSANPs also showed the strongest inhibitory effect in the BxPC-3 cells among all the analyzed groups. The improved efficacy of cRGD-Gem-HSA-NPs in the BxPC-3 cell line warrants further in vivo investigations.
For the past several decades, the 1 st line chemotherapy for advanced pancreatic cancer has been gemcitabine-based or fluorouracil-based regimen 1, 2 . However, neither of these two drugs are satisfactory due to their short plasma half-life and relative low concentration around tumor sites 3 . Furthermore, to achieve optimal clinical efficacy, a frequent administration schedule at a high dose is needed, which leads to significant side effects 4 . Hence, the identification of a novel therapeutic strategy is urgently required. Until recently, albumin nanoparticles (NPs) have been increasingly used as drug carriers based on the following advantages: they are biodegradable in nature, relatively easy to prepare, and often show a controlled release profile [5] [6] [7] . Theoretically, nanoparticles can effectively reach tumor sites through two possible mechanisms: i) passive targeting due to the Enhanced Permeability and Retention (EPR) effect 8 and ii) active targeting based on the attachment of specific ligands to the surface of nanoparticles, which enables nanoparticles binding to receptors that are overexpressed by cancer cells or angiogenic endothelial cells 9 . EPR and the overexpression of angiogenesis-related surface receptors are the key features of tumor blood vessels. Hence, combination of EPR-mediated passive targeting and specific ligand-mediated active targeting has received notable attention in the past years 10 . Integrins, which consist of an α and a β subunit, are a family of cell surface receptors that are responsible for anchoring cells to the extracellular matrix 11 . Recently, they were shown to mediate and diversify biological communication involving cell adhesion and signal transduction 12, 13 . Among the various subtypes, α V β 3 integrins are the most promising therapeutic target because they are overexpressed on the actively proliferating endothelium of tumor tissues and are determinants on angiogenic endothelium [14] [15] [16] . It is generally believed that α V β 3 integrins specifically recognize the RGD motif 17, 18 , which suggests the possibility of using RGD-conjugated carriers to deliver drugs into cancer cells as active tumor targeting therapy [19] [20] [21] . Although RGD peptides conjugated drug delivery systems aiming at α v β 3 integrin for active tumor targeting therapy have been well documented in several platforms such as liposome 22 , copolymer 23 , iron oxide magnetic nanoparticles 24 , rare studies are focusing on the albumin platform. Integrin α v β 3 is expressed in approximately 58% of human pancreatic tumors and is associated with increased lymph node metastasis 18 . In preliminary experiments, we screened several human pancreatic cancer cell lines and chose BxPC-3, which has high α v β 3 integrin expression, as the targeting cell line for our in vitro studies 25 . We previously prepared gemcitabine-loaded albumin nanoparticles using the nab technology 26 . Our in vivo results confirmed that the prepared Gem-HSA-NPs effectively inhibited the growth of pancreatic cancer cell lines with moderate toxicity. In this study, we aimed to further enhance tumor targeting by conjugating the cRGD peptide to the surface of the Gem-HSA-NPs. To the best of our knowledge, this is the first report on using the nab technology to prepare the cRGD-Gem-HSA-NPs. Here, we describe the synthesis and characterization of the cRGD-Gem-HSA-NPs. Furthermore, the targeting efficiency of the cRGD peptide was qualitatively and quantitatively evaluated in vitro at the cellular level. Finally, the cRGD-Gem-HSA-NPs were evaluated for in vitro biological inhibition activity in the BxPC-3 cell line.
Materials and Methods
Chemical and reagents. Gemcitabine was got from Eli Lilly and Company (Indiana, USA). HSA (20%, 50 mL) was purchased from the Baxter AG (Vienna, Austria). cRGD (sequence: Arg-Gly-Asp-D-Tyr-Lys) was synthesized by Shanghai Gil Biochemistry Co., Ltd. (Shanghai, China); the purity was greater than 99.9%. Sulfo-SMCC (sulfosuccinimidyl-(4-N-maleimidomethyl)cyclohexane-1-carboxylate) was obtained from Thermo Fisher Scientific (Waltham, MA, USA). Normal saline (NS) was purchased from Shanghai Baxter Healthcare Co., Ltd. (Shanghai, China). Absolute ethanol and chloroform were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Deionized water was purchased from Fudan University (Shanghai, China). Roswell Park Memorial Institute (RPMI)-1640 culture medium and fetal bovine serum (FBS) were obtained from Gibco (Carlsbad, CA, USA). Double stain Hoechst/PI kit and myristic acid (C-14) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Cell Counting Kit-8 (CCK-8) was purchased from Dojindo (Kyushu, Japan). PBS and other reagents were prepared in our laboratory. All the solvents and chemicals were of analytical grade.
Synthesis of 4-N-myristoyl-gemcitabine (Gem-C14).
The synthesis of Gem-C14 was described in details elsewhere 27 . In short, myristic acid and 1,1′-carbonyldiimidazole (CDI) was mixed and stirred in tetrahydrofuran, which was then added into the CH 3 CN solution of gemcitabine base, pyridine and trimethylsilyl chloride. The resulting mixture was stirred overnight at 60 °C. Trifluoroacetic acid was added dropwise into the solution. The reaction mixture was stirred at room temperature and then concentrated under reduced pressure. The crude was purified by column chromatography and further recrystallized to provide the final product. A schematic illustration of the synthesis of Gem-C1was shown in Fig. 1 .
The synthesis of cRGD-HSA. Activation of HSA with Sulfo-SMCC. To activate HSA, Sulfo-SMCC was dissolved in distilled water by gentle agitation with mild heat (~40 °C) and diluted to 2.5 mg/mL with PBS. A 20 molar excess of Sulfo-SMCC was added to HSA in 15 mL of PBS at pH 7.8 for a final HSA concentration of 2 mg/ mL. The reaction was allowed to proceed under constant agitation for 5 h under a nitrogen atmosphere. The mixture was dialyzed in PBS buffer at 4 °C and then freeze-dried with a lyophilizer.
Conjugation of sulfhydryl-containing cRGD to maleimide-activated HSA.
The molar ratio of maleimideactivated HSA to cRGD in the final conjugation reaction was 1:15. Briefly, the sulfhydryl-containing RGD and the activated HSA were dissolved in PBS buffer; then, the sulfhydryl-containing cRGD solution was slowly added to the activated HSA PBS buffer. The reaction was allowed to proceed at room temperature for 15 h. To avoid unwanted oxidation of sulfhydryl groups, all the reactions and procedures were performed under argon gas and with argon-bubbled PBS buffer. A schematic illustration of the synthesis of cRGD-HSA was shown in Preparation and Characterization of cRGD-Gem-HSA-NPs. The cRGD-Gem-HSA-NPs were prepared by the nab technology as previously reported 28 . Briefly, cRGD-HSA was mixed with pure water. Separately, Gem-C14 was dissolved in chloroform saturated with pure water. These two solutions were then fully mixed and homogenized (Nano DeBEE manufactured by BEE International, MA, USA) at 20,000 psi for nine cycles. The generated colloid was rotary evaporated to remove chloroform at 25 °C for 15 min under vacuum. The obtained nanoparticles were then filtered through a 0.25-μ m membrane syringe filter, and the solvent was removed by lyophilization for 48 h at − 80 °C. The obtained cRGD-Gem-HSA-NP powder was vacuum-dried for 48 h and stored at room temperature.
The preparation of coumarin-6 (C6)-labeled HSA-NPs and C6-cRGD-HSA-NPs followed the same procedure as that for cRGD-Gem-HSA-NPs. Finally, the nanoparticles were run over a sepharose CL-4B column to remove the free coumarin-6.
The particle size and zeta potential were acquired using Zetasizer (Malvern ZS, UK) at a scattering angle of 120°. The nanoparticle suspension was added dropwise onto the copper grids, which were then dried at room temperature. Transmission electron microscopy (TEM) images of the nanoparticles were acquired under 20,000X and 50,000X magnification respectively (Hitachi H-600, Japan).
To determine the drug loading efficiency and encapsulation efficiency, a pre-weighed aliquot of cRGD-Gem-HSA-NPs was placed in distilled water and sonicated to extract the Gem-C14. The extracted Gem-C14 was analyzed using a high-performance liquid chromatography (HPLC)-UV assay. Data were collected, and the efficiencies were calculated using the following formulas: Cell culture. The BxPC-3 cell line (human pancreatic cancer, originally from American Type Culture Collection) was purchased from the Shanghai Branch of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured at 37 °C in the presence of 5% CO 2 and 95% air with > 95% humidity. Cells were grown in RPMI-1640 containing 10% FBS, 100 U/mL penicillin and 100 mg/mL streptomycin.
Qualitative confocal microscopy analysis. The BxPC-3 cells were seeded in 6-well plates at a density of 1 × 10 4 cells per well. After incubation with coumarin-6 (C6)-labeled HSA-NPs and C6-cRGD-HSA-NPs, cells were immediately washed with PBS and fixed in paraformaldehyde for 10 min, followed by cell nuclei staining with DAPI for 10 min. Cover slips were mounted on slides after three washes with PBS, and the slides were analyzed by confocal microscopy (Leica DMI 4000B, Germany).
Quantitative flow cytometry analysis. The BxPC-3 cells were seeded at a density of 1 × 10 5 cells/well in 6-well plates. After incubation with C6-HSA-NPs and C6-cRGD-HSA-NPs, the cells were washed three times with PBS, trypsinized and centrifuged at 2000 rpm for 4 min to obtain a cell pellet, which was subsequently resuspended in PBS and analyzed by flow cytometry (BD Biosciences). For each sample, 10,000 events were collected, and data were analyzed with Cell-Quest software.
Cell viability. The in vitro cytotoxic effects of gemcitabine, Gem-C14, Gem-HSA-NPs, and cRGD-Gem-HSA-NPs in the BxPC-3 cells were determined using the CCK-8 assay. Briefly, cells were seeded into 96-well culture plates (10,000 cells/well) and incubated overnight at 37 °C, 5% CO 2 . Then, the cells were incubated with various concentrations of gemcitabine, Gem-C14, Gem-HSA-NPs, and cRGD-Gem-HSA-NPs for 48 h. Cell viability was quantitated based on the dye absorption at 450 nm, which was determined using an automatic multiwell spectrophotometer. The cell inhibition rate (%) was calculated as follows: [1 −(absorbance of the study group/ absorbance of the control group)]* 100.
Apoptotic cell damage assays. The apoptosis rate was assessed using Annexin V-FITC/PI according to the manufacturer's instructions. The BxPC-3 cells were grouped and treated as described for the CCK-8 assay. Briefly, the BxPC-3 cells were placed in a 6-well culture plate (5 × 10 5 cells/well). The cells in each group were collected through centrifugation at 1000 rpm for 5 min, washed three times with PBS and resuspended in binding buffer. Then, 5 μ L of Annexin V-FITC solution and 10 μ l of PI solution were added. The stained cells were incubated for 15 min at room temperature in the dark. Finally, the suspension was subjected to FCM analysis (BD Biosciences). All the experiments were performed in triplicate.
Statistical analysis.
All the data are presented as the mean ± standard deviation (SD). Significant differences between two groups were determined using Student's t-test, while multiple groups were analyzed by one-way ANOVA with Fisher's LSD. All the statistical analyses were performed with SPSS software (version 22.0; IBM Inc., New York, NY, USA). A value of p < 0.05 was considered significant.
Results and Discussion

Synthesis of 4-N-myristoyl-gemcitabine (Gem-C14).
In order to obtain a gemcitabine prodrug with satisfactory lipophilicity for albumin encapsulation, we designed and synthesized 4-N-myristoyl-(C14) gemcitabine derivative named Gem-C14. After analyzed by 1 H-NMR, Gem-C14 had a purity greater than 99.9%. 1H NMR (DMSO-d6, 400 MHz) δ Characterization of the cRGD-Gem-HSA-NPs. The cRGD-Gem-HSA-NPs were formulated based on the nab technology, in which Gem-C14 was mixed with cRGD-HSA in an aqueous solvent and passed under high pressure through a jet to form drug albumin nanoparticles. To validate the cRGD conjugation, we used MALDI-TOF-MS to compare the average molecular weight change between HSA and cRGD-HSA. As indicated in Fig. 3 , the mass-to-charge ratio (m/z) of the red peak (cRGD-HSA) was approximately 3000 higher than that of the black peak (HSA). Because the molecular weights of cRGD and Sulfo-SMCC are 620 and 436, respectively, we assumed that at least three cRGD molecules were successfully conjugated to the surface of each HSA molecule. The size and surface charge of the complex were measured at various weight ratios. As shown in Fig. 4a , the average size of the nanoparticles was 160 ± 23 nm, and the PDI was 0.123 ± 0.01. Overall, the nanoparticles showed a narrow size distribution and good water solubility, suggesting their potential utility as an active targeting anti-tumor agent [29] [30] [31] . The nanoparticles showed a negative surface potential of − 8.26 ± 2.1 mV, (Fig. 4b ) indicating a good dispersity and stability in human blood, the latter may be conductive to a prolonged blood circulation; The morphology of the cRGD-Gem-HSA-NPs was observed by TEM. Under 20,000X magnification, the cRGD-Gem-HSA-NPs exhibited a nearly spherical shape with a moderately uniform particle size and an even distribution (Fig. 4c) . Under 50,000X magnification, the nanoparticles had a brighter core surrounded by a dark membrane, which confirmed the distinct layer (Fig. 4d) .
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The encapsulation efficiency of cRGD-Gem-HSA-NPs was 83 ± 5.6%, while the drug loading efficiency was 11 ± 4.2%; both values corresponded with our optimal expectations. We used an RGD pre-modification method to prepare the cRGD-Gem-HSA-NPs: we initially synthesized cRGD-HSA using the linker Sulfo-SMCC and then encapsulated Gem-C14 into cRGD-Gem-HSA-NPs. Rather than the conjugation of cRGD to the surface of Gem-HSA-NPs, the latter may cause drug loss and leakage during the synthesis and purification process.
Cellular uptake of coumarin-6-labeled nanoparticles. Integrin α V β 3 is the predominant receptor of the RGD motif and is highly expressed in tumor cells and neo-vascular endothelial cells. The application of RGD peptides as coating surface to enhance drug delivery has been broadly investigated. In this study, we chose cyclic RGD peptides rather than linear RGD peptides due to their higher affinity for α V β 3 integrins 32, 33 . Coumarin-6-labeled nanoparticles were used to investigate the cellular uptake characteristics of cRGD 34 the qualitative and quantitative results were obtained by fluorescent imaging and flow cytometry, respectively. As shown in Fig. 5 , the BxPC-3 cells treated with cRGD-C6-HSA-NPs exhibited significantly higher green fluorescence intensity than those treated with C6-HSA-NPs.
In the quantitative analysis of the cellular uptake of the cRGD peptide, cRGD-C6-HSA-NPs showed the highest cellular uptake into the BxPC-3 cells (94.10 ± 1.2% , Fig. 6c) ; non-targeting cRGD-conjugated nanoparticles, C6-HSA-NPs, showed a much lower cellular uptake (30.16 ± 3.5%; p < 0.05, Fig. 6b) ; while the negative control group showed the lowest cellular uptake (0.42 ± 0.08%, Fig. 6a ). After conjugation to the cRGD motif, the cellular uptake activity of cRGD-C6-HSA-NPs increased 3-fold compared with that of C6-HSA-NPs (Fig. 6) . These results confirmed that decorating the particle surface with cRGD significantly facilitated the uptake of nanoparticles in the BxPC-3 cells (Fig. 6d) .
In vitro inhibition and apoptosis. The in vitro cytotoxicity of various Gem formulations, including Gem, Gem-C14, Gem-HSA-NPs, and cRGD-Gem-HSA-NPs, was evaluated in the human pancreatic cancer cell line via the CCK-8 assay. In Fig. 7 , experimental points 1-8 correspond to doses of 0.01, 0.04, 0.2, 0.5, 1, 5, 10, and 50 μ g/mL, respectively. All four Gem formulations inhibited cell growth in a dose-dependent manner. At various concentrations, cRGD-Gem-HSA-NPs exhibited the strongest cytotoxicity, followed sequentially by Gem, Gem-C14, and Gem-HSA-NPs. The IC50 was 0.10 μ g/mL for cRGD-Gem-HSA-NP, 0.28 μ g/mL for Gem, 0.38 μ g/mL for Gem-C14, and 0.42 μ g/mL for Gem-HSA-NP. Notably, this result was consistent with the cellular uptake study. The Gem-HSA-NPs showed the least cytotoxicity; however, after cRGD conjugation, the tumor targeting ability of the nanoparticles was strongly enhanced.
We further assessed the apoptosis assay of cells treated with the four formulations. As shown in Fig. 8 , apoptosis and necrosis occurred in all treatment groups and the total apoptosis rates (including early and late stage apoptosis) of the Gem (a), Gem-C14 (b), Gem-HSA-NP (c), and cRGD-Gem-HSA-NP groups (d) were 34.94 ± 2.5%, 37.72 ± 1.8%, 37.48 ± 2.6%, and 56 ± 2.1%, respectively. Compared with the first three groups, the cRGD-Gem-HSA-NP group showed a significantly higher apoptosis rate (p < 0.05). This result was consistent with the cytotoxicity study, and it indicated that cRGD-Gem-HSA-NPs more strongly induced early and late apoptosis due to greater Gem intracellular uptake because of the active targeting by the cRGD peptide, which produced higher cytotoxicity than the other formulations.
One limitation of this study is that all our therapeutic studies were at the in vitro level. Pancreatic cancer is characterized for its abundant stroma, the latter may lead to a chemical and physical drug barrier. The two advantages of our cRGD-Gem-HSA-NPs are active tumor targeting and passive tumor targeting by virtue of EPR effect. In vivo study will leverage this feature into maximum therapy efficacy. Therefore, more in vivo tests should be further verified.
Gemcitabine, acting as a cancer-chemotherapeutic agent, has no specificity to pancreatic cancer cells and frequently displays toxicity. In this research, on the one hand, we encapsulated gemcitabine into nanoparticles to achieve passive tumor targeting by virtue of EPR effect; on the other hand, we further decorated the surface of nanoparticles with cRGD to attain active tumor targeting. As far as we know, this is the first study report on the , and 50 μ g/mL, respectively. All formulations inhibited cell growth in a dose-dependent manner; cRGD-Gem-HSA-NP exhibited the highest cytotoxicity, followed sequentially by gemcitabine, Gem-C14, and Gem-HSA-NP. The IC50 was 0.1 μ g/mL for cRGD-Gem-HSA-NP, 0.28 μ g/mL for gemcitabine, 0.38 μ g/mL for Gem-C14, and 0.42 μ g/mL for Gem-HSA-NP. For ease of comparison, all the IC50 values shown here were calculated on the basis of the amount of the equivalent gemcitabine base.
Scientific RepoRts | 6:31539 | DOI: 10.1038/srep31539 use of the nab technology to prepare the cRGD-Gem-HSA-NPs, which produced significantly improved antitumor efficacy compared with the control groups. The enhanced in vitro efficacy of cRGD-Gem-HSA-NPs towards a pancreatic cancer cell line paving the way for further in vivo studies.
Conclusion
In summary, we have successfully prepared cRGD-Gem-HSA-NPs. The in vitro results confirmed that cRGD-anchored nanoparticles can deliver gemcitabine to a pancreatic cancer cell line more efficiently. Additional in vivo studies are warranted to establish the therapeutic potential of cRGD-Gem-HSA-NPs in combating pancreatic cancer. Furthermore, the cRGD-conjugated albumin nanoparticle platform in this study paves a new way for smart delivery of other anticancer drugs to human cancers. The apoptotic rates of the four drug formulations were 34.94 ± 2.5%, 37.72 ± 1.8%, 37.48 ± 2.6%, and 56 ± 2.1%, respectively. Compared with the first three groups, the cRGD-Gem-HSA-NP group showed a significantly higher apoptosis rate (p < 0.05). Numbers in the quadrants represent the percentage of cells in early apoptosis (UR), of cells in late apoptosis or necrosis (LR), and of cell debris (UL). Abbreviations: FITC, fluorescein isothiocyanate.
